ABSTRACT. Whenspores of Dictyostelium discoideum matured through normal development were stained with rhodamine-phalloidin, rod-shaped fluorescence was found across the nucleus and in the cytoplasm. Electron micrographs of the rod shape showed that it consisted of long and straight fibers 12 nm in diameter. In contrast, a conventional actin rod, which usually is formed under stress conditions, is composed of short filaments 6 nmin diameter, and cannot be stained with fluorescent phalloidin. Hence it can be inferred that the structure appeared in Dictyostelium spores under no stress conditions is a novel actin rod.
ments 6 nm in diameter (3, 4, 20) and also an actin-binding protein, cofilin (10) . The biological functions of this structure are unknown. In the present study, actin rods were found in Dictyostelium discoideum spores that matured after the normal developmental process and were not exposed to any artificial stress conditions. This rod was densely composed of thick fibers approximately 12 nmin diameter, instead of 6 nm filaments.
MATERIALS AND METHODS
Cell culture and development. Spores of Dictyostelium discoideum, strain NC-4 (ll), were spread on nutrient agar plates in association with Klebsiella aerogenes as described elsewhere (16) . Fruiting bodies were formed after 3 days. For synchronous development, growing cells were freed from bacteria with low speed centrifugation, suspended in Bonner's salt solution (BSS) containing ll mMKC1, ll mMNaCl, and 3 mMCaCl2, and then spread on non-nutrient agar plates (13) . After 24 h fruiting bodies appeared. Precystformation. D. mucoroides, strain Dm-7 (2), was maintained as described above. Precyst cells of Dm-7were obtained according to the method reported by Filosa and Dengler (1) which was modified by Fukui (2) . Plastic dishes of 50 mmin diameter, which contained growing cells suspended in 5ml of BSS at a cell density of 1xlOVml, were kept in dark at 24°C for 16 h. For inducing intranuclear actin rods, precysts were collected and suspendedin the solution containing 10% DMSO. After 30 min, DMSOwas removed and cells were immediately fixed as follows. Staining ofactinfilaments. Spores of NC-4without exposing to DMSO, and macrocyst-forming cells of Dm-7treated with the reagent, were fixed with a slurry of methanol for 15 min (14) , washed with phosphate-buffered saline, and then incubated with rhodamine-phalloidin (Molecular Probes, Inc.) for 1 h. The nucleus was stained with 4',6-diamidino-2-phenylindole (DAPI). Fluorescence and phase-contrast micrographs were taken at the same focusing level on an Axiophot microscope (Zeiss, F.R.D.) using Fujichrome 400D or Kodak Tmax 400. When rhodamine (red) and DAPI (blue) fluorescence were doubly exposed, the overlapping regions became whitish or white.
Electron microscopy. Normal spores and macrocyst-forming cells exposed to DMSO were washed twice with BSS, suspended and kept in 67 mMphosphate buffer (pH 6.8) including 2.5% glutaraldehyde for 1 h. They were fixed with 1.5% OSO4in the same buffer for another 30 min on ice (12) . Specimens embedded in 2% agar were dehydrated and stained with 2%uranyl acetate for 2 h, and then embedded in epoxy resin (Poly/Bed 812, Polyscience Inc.). Ultrathin sections doubly stained with uranyl acetate and lead citrate were examined with a Phillips EM400 transmission electron microscope (15) .
Immunoblotting. Spores were collected and washed twice with BSS. The spore pellet was resuspended in an equal volume of a medium containing 100 mMPIPES (pH 7.0), 4 mM MgCl2, 0.1 mM EDTA, 20% Glycerol, 1 mMDTT, 50 //g/ml leupeptin, 50^g/ml pepstatin, 100 /^g/ml Bowman-Birk In-T To whomcorrespondence should be sent.
hibitor, 50 //g/ml TPCK, 10^/g/ml chymostatin and 4 mM PMSF. After SDS polyacrylamide gel electrophoresis was carried out according to Laemmli (7) using a 10% gel, proteins were transferred onto a PVDFmembrane (Millipore Co.).
The membrane was stained with mouse monoclonal antichicken gizzard actin (9; Boehringer Mannheim Biochem.)
and then incubated with alkaline phosphatase-conjugated goat anti-mouse IgG.
Immunoelectron microscopy. Spores fixed with 2%para-formaldehyde in phosphate buffer (pH 6.8) for 1 h at 25°C, were dehydrated, embedded in LRWhite resin (London Resin Co.), and kept at 50°C for 30 h. Formvar-carbon coated nickel grids bearing ultrathin sections were rinsed for 15 min at 25°C with tris-buffered saline (TBS; pH 7.2) containing 5% BSA, and floated for 1 h on drops of either 20 //g/ml ofmonoclonal anti-actin antibody or 1%BSAfor control. After washing with TBS, specimens were stained with goat anti-mouse IgG conjugated to 10 nm gold particles (Amersham, England) diluted to 20 fold in TBS containing 1% BSA. Washed grids were fixed with 2% glutaraldehyde for 10 min, stained with uranyl acetate and lead citrate, and then observed with a transmission electron microscope (JOEL JEM-1200 EX).
RESULTS
It was found that spores of NC-4, which were matured through the normal developmental process and not kept under any artificial stress conditions, contained intranuclear actin rods. When the spores were stained with rhodamine-phalloidin, fluorescence was observed as a rod-like shape across the nucleus (Fig. 1A-E) . The presence of an actin rod to which phalloidin can bind is important because usually the rod induced in cells exposedto stress conditions does not stain with fluorescent phalloidin (10) . For example, in the nucleus of precyst cells of Dm-7treated with DMSO, actin filaments approximately 6 nm in diameter were loosely bundled to form a rod-like structure ( Fig. 2A, B) as described by Fukui (3, 4) . No rod, however, was observed when such precyst cells were stained with fluorescent phalloidin.
Only a very few nuclei included dot-or small rod-shaped fluorescence (Fig. IF, G) . Therefore the fine structures of actin rods in the spore were compared with those induced in cells exposed to DMSO.
In the spore nucleus, a rod-shaped structure across the nucleus was found corresponding to that shown with fluorescent phalloidin (Fig. 2D) . The terminal end of the rod usually pushed out the nuclear envelope to make the nucleus lemon-like in shape. The rod was 100 to 200nm (average 153±25 nm; N=26) in diameter, and more than 2 pmin length (the longest observed was approximately 3^m). It is evident that the rod is densely composed of long and straight fibers approximately 12 nm in diameter in stead of short 6 nm filaments (Fig.  2F) . The rod was also present in the cytoplasm (Fig. 2E,  G) . This rod was similar to the intranuclear one and was composed of fibers 12 nmin diameter, although individual fibers were less clear (Fig. 2G) . Thus, the fine structure of the rod, which was formed in both the nucleus and cytoplasm of NC-4 spores and stained with fluorescent phalloidin, is distinctive from a conventional actin rod found in cells exposed to stress conditions. The rod was further analyzed by immunoelectron mi- croscopy using anti-actin antibody that can recognize Dictyostelium actin molecules (9) . Immunoblotting analysis shows the actin is an abundant constituent of spore proteins (Fig. 3) . The cytoplasmic rod was extensively labeled with immunogold-particles, whereas signals on the intranuclear rod were slight (Fig. 4) . The particles were also observed around mitochondria and on fibrillar components in the cytoplasm.
It is of interest that fibers 12nm in diameter were found in the nucleus, although in only a few precyst cells exposed to DMSO, usually where actin rods composed of 6 nmdiameter filaments were formed (arrowhead in Fig. 2B ). Consistent with this, dot-or small rod-shaped fluorescence was observed in the nuclei of a very few precyst cells treated with DMSO (Fig. IF, G) . This fluorescence seems to originate from the structure loosely composed of 12 nmfibers which were equivalent to the actin rods that appeared in the spores and could be stained with fluorescent phalloidin. In additon, thin filaments 6 nm in diameter appeared to twist to form thick 12 nm fibers (Fig. 2C) . Therefore, the 12 nm fiber probably consists also of 6 nm filaments twisted in precyst cells treated with DMSO. The relation was examinedbetweenthe appearance of the rod and the rate of plaque formation by NC-4 spores spread on a bacterial lawn. By evaluating fluorescence images, the fraction of spores including intranuclear rods was approximately 25%on the day after maturation of fruiting bodies, then decreased to less than 15% after 4 days. Throughout this period, more than 95%of spores could form plaque. Therefore, actin rods formed in spores are unlikely to be concerned with the maintenance of their viability.
DISCUSSION
Fluorescent phalloidin and its derivatives are generally used as a tool to visualize F-actin (22) , since they specifically bind to the molecule (21). It is rational, therefore, to infer that rod-like fluorescence, which has been observed in both the nucleus and the cytoplasm of NC-4 spores stained with rhodamine-phalloidin, originates from rod-shaped structures containing F-actin. However, the rod found in NC-4 spores morphologically differs from that formed in precyst cells exposed to DMSO.The former is composed of long, straight and thick filaments 12 nm in diameter, whereas the latter and/or any other actin rods formed in cells cultured under stress conditions are directly composed of thin filaments 6 nm in diameter and the phalloidin can not bind to them. Thus the rod-like structure found in Dictyostelium spores is a novel actin rod. This rod, similar to the short actin rod or dot found in Physarum cells in the process of cyst formation (18), possibly contains no cofilin-like proteins, as cofilin prohibits the binding of phalloidin derivatives to F-actin (10).
Immunoelectronmicrographs showthat there are moresignals of immunogold-particles on the cytoplasmic rod than the intranuclear one. In addition, fibers composing the cytoplasmic rod are less clearly distinguished on electron micrographs that those of the intranuclear one. There may be some differences between the intranuclear and cytoplasmic actin rod in assembly and integration of F-actin into the rod, and/or in its constituents, including actin-biding proteins, so that a part of the epitopes will be covered or hidden in the intranuclear rod. Signals of immunogold-particles also are observed around the mitochondria. During maturation of spores, mitochondria becomeround, crenate and decorated with ribosomelike particles (Fig. 2D) . Actin molecules appear to be implicated in this process, along with the formation of rods. In NC-4spores, neither conventional rods nor thin filaments twisting to form thick fibers have been found.
A pathway for the formation of conventional rods seems to be absent or suppressed. The way thick fibers are formed in spores is unknownas well. In contrast, precyst cells of Dm-7 are likely to have two pathways to construct both conventional and novel types of rods from actin fibers 6 nmin diameter, because both types of rods were found although in only a few cells. Alternatively conventional rods maydisintegrate and convert to the other type of rods, or vice versa. Nothing is known as to the function of actin rods either in Dictyostelium spores or in cells exposed to stress conditions. However, analysis of the molecular bases for the appearance of the novel actin rod, as well as the relation between this and the conventional rod, may lead to a better understanding of their biological functions.
